ABSTRACT: Tomato and cucumber seedlings were distributed into 10 groups (five for each plant) of 15 plants each. The plants were irrigated for 10 weeks with primary treated wastewater (group A), secondary treated wastewater (group B), chlorinated secondary treated wastewater (group C), a fertilizer dilution (group F), and tap water (group M). All precautions were taken to secure that there was no direct contact between the wastewater and the edible portions of the crops. During this period and on a weekly basis, the height and number of leaves was monitored, while, at the end, the dry weight of leaves, stems, and roots for each plant of each group was measured. Based on these growth parameters, both types of plant in groups A and F recorded the most significant development compared to the other three groups. The plants irrigated with tap water recorded the smallest development, in every case. Plants in groups B and C were similar, with a slight (but not significant) superiority for the plants irrigated with secondary treated wastewater, probably as a result of some phytotoxic effects of residual chloride in the chlorinated wastewater. The presence of nutrients and specifically nitrogen in the various solutions explains the differences satisfactorily. The vegetables grown on the plants of each group were harvested, and their surface tissue analyzed for total coliforms (TC) and enterococci (EC). Tomatoes grown on the plants of groups A and B recorded the highest values for TC, with 505 and 490 cfu/g, respectively, whereas, for cucumbers, those values were 342 and 450 cfu/g, respectively. Enterococci were detected on the surface of harvested vegetables from groups A and B, but the small number of cases and their random character cannot support any strong relations between the used wastewater and their presence. The TC values in group C were very low, far lower than those if group F. No EC were found in either group C or group F. These primary results suggested that irrigation with appropriate disinfected wastewater, even of such high-risk cultivations of vegetables eaten raw, should not be discarded completely as unsafe, but be reconsidered and studied further. However, the use of undisinfected wastewater in such greenhouse cultivations, where all safety precautions have been taken to prevent any contact of the fruits with the soil or the wastewater, does not prove to be 100% safe. Water Environ. Res., 78, 000 (2006).
Introduction
According to Gleick (1998) , in 2025, more than 2930 km 3 of freshwater will be consumed in agriculture worldwide, representing 65% of total water consumption. This is considered a realistic estimation, because, for example, 1 to 3 m 3 of water are needed to yield just 1 kg of rice and more than 1000 m 3 to produce just 1 ton of grain. The same author, in his 2000 study (Gleick, 2002) , claims that, in Europe alone, the water consumed in agriculture for the year 2000 varied from 76% (in Albania) to 3% (in Finland) of total freshwater withdrawal. Partly responsible for this vast amount of freshwater consumed daily in the world is the increase of irrigated agricultural land, from 138 million to 267 million ha since the 1960s (Gleick, 2002) .
The problem of adequate freshwater resources becomes even greater in arid and semiarid areas of the world. In Greece, irrigation is the major water use, ranging from 17 to 95% between water regions, while domestic use ranges from 3 to 66% and industrial use from 0.2 to 16% of total consumption (Angelakis et al., 1999) . The island of Crete, at the southernmost point of Greece, is a characteristic example, especially during the summer, when more than 3 000 000 tourists visit the island (Greek National Tourism Organization, 2004) .
The necessity of wastewater reuse for the island's crops has been demonstrated clearly (Angelakis et al., 1999 , Gaki et al., 2004 . In fact, there are indications that wastewater was used for irrigation in ancient Crete, especially by the Minoan civilization, which flourished in 3000 to 1000 B.C. (Asano and Levine, 1996) .
To ensure safe reuse of wastewater, a number of guidelines exist or are under development, based on (a) the quality of the treated wastewater intended for reuse, (b) application method, and (c) end use (U.S. EPA, 1992; World Health Organization, 1989) . Currently, tertiary treated wastewater has been used on the island, mainly for olive tree irrigation (Gaki et al., 2004) .
However, there are other local cultivations that are extremely demanding in water, the most important being that of greenhouse vegetables. Currently, in Crete, there are more than 1100 and 540 ha of tomato and cucumber greenhouse cultivations, respectively, producing approximately 10 000 tons of tomatoes and 5400 tons of cucumbers on an annual basis (National Statistical Service, 2004) . Most of these greenhouses are situated on the south coast of the island, where water is extremely scarce. Even though reuse of treated wastewater for such cultivations will only be considered as a last resort, it is important to know the limitations, problems, or even advantages of such a practice.
It must be noted that, in such cultivation, the plants are supported inside the greenhouse from the roof to stand tall and occupy the minimum possible space. In this way, the fruits produced do not come in contact with the soil or the irrigation water, giving rise to the very reasonable question of how they can be contaminated, if, in addition, safety precautions are taken when handling plants, soil, irrigation, and, of course, the fruits. If, under such conditions, no contamination occurs, it might be reasonable to re-evaluate existing wastewater reclamation and reuse standards.
Bearing these considerations in mind, this study aimed to determine the following:
The effect of various qualities of treated wastewater on the growth of tomato and cucumber plants; The presence of pathogenic indicators in the vegetables produced, in relation to the quality of wastewater used; and The possibility of fruits being contaminated with microorganisms originating from the wastewater through indirect contact.
Materials and Methods
The Technological Education Institute of Crete farm is located approximately 1.5 km from the Municipal Wastewater Treatment Plant of Heraklion, the capital of the island. For the experiments, a standard structure greenhouse was used, covered with plastic. To reduce the effect of the sun, the outer surfaces were sprayed with a thin lime dilution, which created some shadowing effect. The average ambient temperature was 318C, with a maximum of 388C (midday) and a minimum of 228C (early morning), where the sunlight fluxed between 25 000 and 65 000 lux inside the greenhouse.
An equal number (90) of tomato (Lycopersicum Esculentum mill, Mountain Spring F1 hybrid) and cucumber (Cucumis Sativus L) seedlings were acquired from local agriculture stores. The plants were potted in 5-L pots, using a mixture of screened soil, peat, sand, and commercial compost in a 1:1:1:1 by volume ratio. The physiochemical characteristics of the substrate and its various components are presented in Table 1 . The plants were potted in early June and irrigated with tap water for two weeks. Of the 90 tomato plants, 75 were selected, according to size, and separated into five different groups. A systematic effort was made to distribute the plants equally in the relevant groups. Exactly the same practice was followed with the cucumber plants. At the end of this process, there were 10 groups (five tomato and five cucumber) of plants, with 15 plants in each group. The plants were placed in the greenhouse spaced at one meter from each other in a randomized way, as presented in Figure 1 .
Each of the five tomato and cucumber groups was irrigated with one of the following solutions:
(a) Primary treated domestic wastewater (group A), the physiochemical characteristics of which are presented in Table 2 .
(b) Secondary treated domestic wastewater (group B, Table 2 ).
(c) Disinfected secondary treated domestic wastewater (group C, Table 2 ). (Table 2) . (e) Tap water used for the blank group (group M, Table 2 ).
Watering took place three times a week. Each time, 1 L was added to each pot very carefully, to avoid any spillage on the fruits, stems, or leaves. The plants in group F were irrigated once a week with the fertilizer solution and twice with ordinary tap water. The wastewater, fertilizer dilution, and water were analyzed using the standard methodology for chemical oxygen demand, total suspended solids, total Kjeldahl nitrogen, pH, enterococci (EC), and total coliforms (Table 2; APHA et al., 1995) .
Once a week, the plants' height and number of leaves were measured. There were no losses of plants during the experiment. One-way analysis of variance was performed on the variables studied to express differences among the treatments. Tukey's Multiple Comparison Test was used to find groupings of ''similar'' treatments. All tests were performed with the significance level set to 0.05. The harvested fruits were collected using sterile scissors and sterile sampling bags, placed immediately in cold packs, and analyzed a maximum of three hours after sampling.
The fruits were peeled inside the sterile bag, and a 25-g sample was isolated aseptically and kept inside the bag, to which 225 mL of 0.1% peptone water was added. The sample was then thoroughly washed. One mililiter of the above washing solution was filtered through a 0.45-lm-pore membrane. Special care was taken to avoid extracting the fluids inside the vegetables, as their acidic effect could damage the bacteria concerned (International Commission on Microbial Specifications for Foods, 1986) . The membrane was placed in a petri dish with an appropriate culture medium. Total coliforms were enumerated in lauryl sulphate agar media (LAB M idg, Bury, United Kingdom) incubated at 358C for 24 hours, while EC were enumerated on Enterococcus Selective Agar (Fluka, Steinheim, Switzerland) media at 378C for 48 hours. From the Enterococcus plates, isolated cultures were transferred to Esculin Icon Agar and incubated at 448C for 1 hour. Only those with a characteristic black color were confirmed as positive. This procedure was followed in triplicate for each of the three sequential dilutions made. Wastewater irrigation lasted nine weeks, at the end of which the plants were harvested. Leaves and stems were separated from the roots, which were carefully washed to remove any soil particles. The separated tissues were then dried (758C for 72 hours) and weighed.
Results and Discussion
Figure 2 presents the changes in tomato plant mean height during the experimental period for each group. As the experiment progressed, the tomato plants in group A slowly but steadily gained some important advantage over the plants in groups B, C, F, and M. This difference became visible after week 3, while, at the end of the experiment, it was statistically significant only compared to groups C and M (Table 3) . As far as the cucumbers are concerned, the results are similar, with group F recording the slightly greater height values over groups A and B and significantly greater values over groups C and M at the end of the experimental period ( Figure 3 , Table 4 ).
The superiority of primary treated wastewater and fertilizer solution over the other three irrigation solutions for both types of plant is also supported by the values presented in Figures 4, 5, and 6, and in Tables 3 and 4 . It is obvious that the plants irrigated with primary treated wastewater (group A) and fertilizer solution (group F) grow faster, develop more leaves (Figures 4 and 5), and produce considerably larger amounts of tissue ( Figure 6 ) than those in the other three groups. As far as groups B, C, and M are concerned, the differences among them are quite small, with group B retaining some slight (and not always significant) advantage over the plants irrigated with disinfected wastewater (group C) and tap water only (group M).
Untreated or partially treated municipal wastewater has been determined to be one of the most important factors in lake eutrophication, mainly as a result of the large amounts of nutrients present (Botkin and Keller, 1998) . Nutrients, such as nitrogen, in the irrigation solution explain the differentiation between the growth monitoring parameters in the various experimental groups. The concentration of nitrogen in the various types of wastewater used in the experiment was substantial, with mean values of 70.5, 46.0, and 33.2 mg/L for primary, secondary, and chlorinated wastewater, respectively. The plants of group F received the highest amounts of all nutrients, reaching 2025 mg/pot of total nitrogen, whereas group M received no added nutrients because the concentration of nitrogen in the tap water was below detection limit. For groups A, B, and C, this amount was 1890, 1242, and 594 mg of total nitrogen, respectively.
Based on those amounts, group F should have presented the highest values in those parameters, even higher than those of group A. Table 5 presents the linear regression correlation between the amounts of nitrogen added to each group and the growth achieved in that group. As far as tomato plants are concerned, linear correlation coefficients (r) are significant (P , 0.01), although generally lower than expected. Because there was no loss of plants during the experiment, all r calculations were based in values from 15 plants in each group. This is because of the fact that, in all four growth-monitoring parameters, the plants in group A achieved far higher values than those in group F, even though they received smaller amounts of nitrogen. On the contrary, the regression results for cucumber suggest that there is a linear relationship between the amounts of nitrogen added to the various groups and plant development in these groups. According to Suzuki et al. (1984) and Sonneveld and Welles (1984) , hydroponic cucumber cultivations require larger amounts of nitrogen for full and healthy development than similar tomato cultivations. More specifically, Sonneveld and Debes (1984) and Sonneveld and Voogt (1990) suggested that the dilution that should be used in cucumber soilless cultivations should contain 172 ppm total nitrogen (165 ppm nitrate [NO 3 ] and 7 ppm ammonia [NH 3 ]); whereas, for tomatoes, the requirements are slightly lower for total nitrogen: 154 ppm total nitrogen (147 ppm NO 3 and 7 ppm NH 3 ). When cucumber plants in group F received higher amounts of nitrogen than those in group A, this resulted in better growing values, as presented in Figures 3, 5 , and 6. For the tomato plants, the difference in nitrogen added to the pots of groups A and F was not as important in creating a recordable difference in favor of the highest concentration. On the contrary, the monitored group A recorded better values in almost all four parameters (Figures 2, 4 , and 6). The effect of nutrients from the wastewater on plant growth was also demonstrated by Gori and Lubbelo (2000) , Hussain and Al-Saati (1999) , and Mohammad and Ayadi (2004) .
The need for larger amounts of nitrogen in the cucumber plant is also explained by its ability to produced fruits far sooner than tomato plants. In the 10 weeks the experiment lasted, 59 cucumbers were harvested in total, compared to 17 tomatoes. The important conclusion from these results, however, is that the use of primary treated wastewater did not result in any negative effect on either tomato or cucumber plants, meaning that there were probably no chemicals present in the wastewater that could cause damage to these plants.
The smaller growth rate of tertiary (group C) over secondary (group B) treated wastewater may be explained by chloride phytotoxicity effects. In most cases, the usual irrigation water or rain can provide plants with the mean minimum requirement of 1 g/Kg chlorine of dry weight. However, if the concentration of chloride in an external culture solution is more than 20 mM, it can lead to chloride toxicity in sensitive plant species (Navarro et al., 2002; Wahome et al., 2001 ). Such toxic effects should be taken into serious consideration, because chlorinated wastewater is the most likely to be used in vegetable and other cultivations, as growers are extremely reluctant to use and the government to allow undisinfected wastewater irrigation in vegetables eaten raw because of the fear of waterborne pathogenic diseases. For this reason, the World Health Organization (WHO) (1989) and the U.S. Environmental Protection Agency (U.S. EPA) (1992) both suggest that, when wastewater is used for such irrigation, strict regulations should be imposed. Specifically, WHO recommends that the wastewater should contain not more than 1000 fecal coli/ 100 mL and not more than 1 nematode egg/L, whereas U.S. EPA recommends that the wastewater should contain no detectable fecal colforms/100 mL. Further, WHO recommends treatment via a series of stabilization ponds, while U.S. EPA recommends that treatment include secondary treatment, filtration, and disinfection. To determine how realistic these fears are, it is important is to study the presence of indicator microorganisms in the fruit surface tissue, in relation to those found in the irrigation solutions.
It is considered that vegetable crops can be contaminated by reused wastewater, either through direct contact of the vegetables with the wastewater or irrigated soil, or indirectly, mainly through human handling of soil, wastewater, plants, and fruits. In this experiment, extra care was taken to avoid either spillage onto the vegetables produced or their contact with the soil. All plant handlings and irrigation with wastewater were very closely monitored to avoid any mistake.
According to the results presented in Tables 6 and 7 , it can be asserted that, wherever disinfected wastewater was used (group C), the presence of either of the two indicator groups was small or below detection limits. For total coliforms, the highest value was 50 cfu/g of tissue, where EC analysis failed to find any such bacteria. Compared to group M, where also only five fruits (three cucumbers and two tomatoes) were harvested, group C presents a slightly increased amount of indicators on the surface of the vegetables, because all analyses of the tap-water-irrigated group (group M) gave zero coliform units per gram for total coliforms and EC. This allows us to suggest that properly disinfected wastewater entails very little contamination danger for fruits and vegetables, especially if these are properly handled during growth and harvesting and well washed before consumption. Unfortunately, the smaller development of plants in groups C and M did not allow the production of substantial amounts of vegetables to provide more statistically reliable data.
When undisinfected wastewater was used (groups A and B), the presence of total coliforms on the surface of the vegetables is detectable in all cases and above that of groups C and M. These results indicate that undisinfected wastewater is more likely to permit contamination of vegetables by such microorganisms. The presence of total coliforms in the vegetables of group F in values larger than those of groups C and M, and similar to those of groups A and B, can be related to the presence of available nutrients in the solution. These nutrients might have allowed the growth of a coliforms population originally in the pot's substrate. The origin of these coliforms can be other than only anthropogenic (Maier et al., 2000) .
What is of great interest is the pattern that this ''contamination'' seems to follow. As the experiment progressed, the amount of coliforms found on the surface of the harvested cucumbers followed a reducing pattern. For group A, the number of coliform units per gram was reduced from 466 in weeks 5 and 6, to 440 in week 7, to 217 in week 8, and 245 in week 9. For group B, the pattern was similar, with values of 800, 445, and 107 cfu/g in weeks 5 and 6, 8, and 9. For group F, the values are 374, 551, 551, and 30 in weeks 5 and 6, 7, 8, and 9. This reduction with time coincides with the cucumber production pattern, in which the fruits grow further away from the roots as the plant is growing. The fruits harvested in week 8 were growing further from the soil than those of weeks 5 and 6, but closer than those of week 9. The small number of tomato plants does not allow any strong speculation regarding this theory. However, group A (from which the larger number of fruits were harvested) follows exactly the same pattern as the cucumbers, with week 7 recording 1.37 3 10 3 cfu/g and weeks 8 and 9 only 90 and 50 cfu/g, respectively.
Thrips are insects commonly found in greenhouse cucumber and tomato cultivation. The most common thrip species are Thrips tabaci and Thrips Frankliniella occidentalis (Deliorgidis and Ipsilandis, 2004; Pearsal, 2002) . Both spend a part of their life cycle in the soil surface (Deliorgidis and Ipsilandis, 2004) , just below the plants, and then fly small distances at low speed, which reduces their flight capacity in something like a jump (Pearsal, 2002) . These insects were present in large numbers on the plants Table 6 -Number of total coliforms and enterococci on the surface of tomato fruits. involved in this experiment. In our attempt, at the time, not to alter the pathogen presence in the fruits through the use of pesticides, some mild biological control methods were used to minimize their effect on the plants. Long after the end of the experiment and based on the results presented in Tables 6 and 7 , a first idea of relating indicator presence and thrips occurred. It is considered a reasonable probability that indicator presence in the fruits might be related to the movement of these insects in a vertical mode, from the contaminated soil of groups A and B and the increased population of coliforms in the substrate of group F, to the upper plant leaves and fruits. Because the cucumber fruits were always growing further from the soil, indicator contamination was reduced, as a result of the reduced ability of the thrips to reach higher tissues. As mentioned above, the total coliform population does not necessary entail some form of anthropogenic contamination, because such bacteria are found almost everywhere (Maier et al., 2000) . The EC count is a better sanitary indicator and more directly related to anthropogenic contamination in vegetables (Jay, 1986) . Enterococci occurrence on fresh vegetables has also been reported to be, in many cases, the most dominant type, even higher than that of coliforms, and with a greater recovery percentage after freezing (Jay, 1986) . The presence of small amounts of such microorganisms, in both cucumbers and tomatoes from groups A and B, is a more reliable indicator that the danger of contamination exists in those two groups. The complete absence of EC in groups M and F is as expected, while group C demonstrates that chlorination previous to irrigation is a safe practice, at least as far as waterborne microorganism contamination is concerned. Again, the number of samples is too small to allow statistically significant conclusions to be drawn. The presence of the EC in weeks 5, 6, and 7 on the cucumber fruits provides additional support for the theory of insectrelated contamination.
However, indicators, nutrients, and residual chloride are not the only pollutants found in wastewater, treated or untreated. Organic pollutants and heavy metals are also part of the problem. It could be argued that most of the metals are removed through the primary sludge, resulting in very small concentrations, even in the primary treated wastewater. Continual application of wastewater, however, might result in a buildup of metals in the substrate. Greenhouse substrates are used continuously, after some sort of disinfection with steam or chemicals (for root pathogens), with a small addition of some organic fertilizer (e.g., composted manure). Measures should be taken to monitor this buildup, both in the soil and plant.
Conclusions
The use of primary treated wastewater leads to a significant growth rate, mainly as a result of the presence of nutrients, such as phosphorus and nitrogen. For almost all growth parameters and for both cucumber and tomato, the plants of group A presented similar growth to that of group F. There was no phytotoxic effect as a result of the use of such quality wastewater; however, there were some indications of pathogenic microorganism contamination on the surface of the vegetables collected. The implementation of very careful handling practices during the experiment explains the following: indicators move only indirectly, probably through insects like thrips, which spend part of their lives in the wastewater receiving soil. If, however, this was a commercial practice, pesticides and soil covers would have been used to minimize the insect effect on the cultivation and, as a result, on the ''transportation'' of indicators. Possible disinfection of the primary treated wastewater might increase safety and should be evaluated in future research. At the moment, the regeneration of indicators from disinfected primary treated wastewater is under evaluation, as a parameter of the above hypothesis.
As expected, the use of secondary treated wastewater produced similar results, as far as indicator presence in the fruits is concerned. However, the far lower nutrient concentration results in a far lower plant development, while the risk of contamination remains the same as with the primary treated wastewater. The use of disinfected wastewater will reduce the danger of contamination from anthropogenic pathogens, without ever ensuring their complete elimination. However, some measures must be taken to remove chloride remains from the water before irrigation. The dechlorination practice implemented in almost all large wastewater treatment sites in Europe will be a helpful step, not just as far as reuse is concerned, but for the protection of the environment, in general. The presence of some nutrients in this tertiary treated wastewater will aid plant development, but in no significant way.
The important conclusion of this work, however, is probably a question: do thrips transfer indicators from the soil to the fruits? The research team is already installing a large experiment with cucumber plants, thrips, and wastewater to determine exactly the role of these insects in health-related issues of vegetable contamination with anthropogenic pathogens. 
